In this paper we demonstrate the possibility of designing a radiator using structural-acoustic interaction by predicting the pressure distribution and radiation pattern of a structural-acoustic coupling system that is composed by a wall and two spaces. If a wall separates spaces, then the wall's role in transporting the acoustic characteristics of the spaces is important. The spaces can be categorized as bounded finite space and unbounded infinite space. The wall considered in this study composes two plates and an opening, and the wall separates one space that is highly reverberant and the other that is unbounded without any reflection. This rather hypothetical circumstance is selected to study the general coupling problem between the finite and infinite acoustic domains. We developed an equation that predicts the energy distribution and energy flow in the two spaces separated by a wall, and its computational examples are presented. Three typical radiation patterns that include steered, focused, and omnidirected are presented. A designed radiation pattern is also presented by using the optimal design algorithm.
I. INTRODUCTION
In order to reduce noise generated by structural-acoustic interaction, numerous studies ͑for example, see Refs. 1-28͒ have been performed to understand the coupling mechanism between the structure and the space. Many investigations have also been conducted ͑for example, see Refs. 1, 2, and 7-19͒ under the assumption of weakly coupled or larger structural impedance in comparison to that of contained fluid. For example, structural vibration is not affected by acoustic pressure distribution of the medium, and this is valid in many practical situations. However, if the structure is either a membrane or thin plate or if the medium has significantly high impedance ͑for example, water͒, then this assumption is no longer valid. In this case, structural vibration is affected by the pressure distribution on the structure or the other way around, and we call this a "full coupling problem." Figure 1͑a͒ shows a coupling problem in which a wall separates two unbounded spaces and Fig. 1͑b͒ is another typical example of a coupling problem that has a structure and two bounded spaces. These kinds of problems are common and solutions are available, [1] [2] [3] [4] but if the wall separates bounded and unbounded spaces, as shown in Fig. 1͑c͒ , then the wall's role in transporting the acoustic characteristics is not well defined.
Numerous numerical and experimental investigations have been conducted to understand the physical mechanism between structural vibration and fluid pressure distribution over the structure by many researchers ͓see Refs. 1-37͔. Reviewing the previous work is divided several categories that start with the general approach of the structural-acoustic coupled problem to sound radiation associated with coupling. Dowell, Gorman, and Smith 4 presented a general theoretical model for interior sound fields in a structuralacoustic coupling system with absorbing material. To obtain high computational efficiency, they proposed solutions for the coupled responses in terms of an in vacuo structural wall and ͑rigid wall͒ acoustic cavity natural modes. Junger 5, 6 introduced a general approach to structural-acoustic coupling problems in his paper 5 and book. 6 The effect of structural-acoustic interaction on structural vibration has been studied in previous works. [7] [8] [9] [10] [11] studied the response of ribbed panels to reverberant acoustic fields, showing that the acceleration spectrum of the vibration field is related to the pressure spectrum. Dowell and Voss 8 studied the effect of a rectangular box on plate vibration. The free and forced vibration of a rectangular panel backed by a closed rectangular cavity was studied theoretically by Pretlove.
9,10 Guy and Pretlove 11 also studied the cavity-backed panel resonance.
Sound transmission in a structural-acoustic coupling problem has been studied in previous research.
12-17 Lyon 12 investigated noise reduction in case of a rigid enclosure with one flexible wall. Guy and Bhattacharya 13 studied the influence of a finite cavity backing a finite panel on the transmission of sound through the panel. Guy 14 also used multimodal analysis to study the transmission of sound at normal and oblique incidences through a flexible panel backed by a finite rectangular cavity. In order to reduce the noise transmitted through the panel into the cavity, an active noise control technique was proposed by Pan et al. 15, 16 and Kim et al. 17 Possible shapes of the coupling system, other than rectangular, have been studied in previous research. 6 
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Researchers have also studied the sound radiation associated with structural-acoustic interaction. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] investigated the response to sound and consequent sound radiation for one linear resonant mode of a partial structure. Feit and Liu 23 studied the near-field response of a line-driven fluid-loaded plate using numerical evaluation of the Fourier integral representations of the solution for frequencies below and above coincidence. Ko 24 investigated the modal contribution of a finite elastic plate, submerged in fluid and simply supported at both ends, to the power spectrum. Pan et al. [25] [26] [27] [28] investigated coupling in high-and low-frequency ranges and an analytical model for bandlimited responses. Recently, to explain more general structure-acoustic coupling mechanism, Kim and Kim 29, 30 performed theoretical and experimental study of a partially opened two-dimensional membrane-cavity system that has two different modally reacting boundary conditions. A typical example of such a general coupling problem can be observed in a musical instrument like the guitar, which has vibrating plates and an echoing cavity with an opening. [31] [32] [33] [34] [35] [36] The previous studies, however, were not attempted to design the distribution of external pressure field using a structural-acoustic interaction. To design an efficient radiator, one has to obtain various insights of the coupling system. Analytical methods including the modal expansion method can display the dependence of the model behavior on its nondimensional parameters and can easily check the limiting case of the system. However, these methods are not generally to derive analytic expressions, especially the terms in the series for the modal expansion method, because of the complexity of the system modeled. A finite element method may be applied to any physical system, including the structuralacoustic coupled problem of which the behavior is described by a set of partial differential equations. However, the number of degree of freedom is limited, so FEM is more useful for enclosed volumes than for unbounded fluid volume. In this paper, modal expansion methods are adopted as the basic analysis tool because the method shows us how the coupling phenomenon is affected by each subsystem's natural mode characteristics. The previous works have seen the system to find a good noise control means. Therefore, implicitly they are interested in getting a weak coupling. In this paper we aim to show the possibility of designing an efficient radiator using a structural-acoustic interaction by predicting the pressure distribution and radiation pattern of a structuralacoustic coupling system depicted in Fig. 1͑d͒ and a design example of an efficient radiator that has high emission power and low side level has been presented by using the optimal design algorithm.
In order to understand the general coupling mechanism, we chose a finite space and a semi-infinite space separated by a flexible structure, as shown in Fig 1͑d͒. Figure 1͑d͒ shows an acoustic cavity covered by two finite-sized structures. The acoustic field is divided by the structure into two parts: One is a finite and highly reverberant space, and the other is a semi-infinite field without any reflection. In order to introduce more general coupling phenomena, we added an opening. The structure represents a "volume interaction" element, and the opening can be considered as a "pressure interaction" element. For its simplicity, without losing generality, we used a rather simplified model ͑Fig. 2͒ instead of the one depicted in Fig. 1͑d͒ .
II. THEORETICAL APPROACH

A. Description of system
As shown in Fig. 2 , we considered a partially open cavity that is coupled with a semi-infinite exterior field by having two plates and an opening. The size of the cavity is L x by L z , and its walls are assumed to be acoustically rigid, except for the top wall. The top side of the cavity is covered with two plates, and their flexural stiffnesses are D 1 and D 2 , respectively. The length of each plate is ␣L x and ͑1−␤͒L x . We can vary the size and material property for each plate. To obtain mathematical simplicity, we assumed that the system does not change in the y direction. The boundaries of the plates are clamped on the wall and are free at the opening. Their thickness is regarded as negligible compared to the shortest wavelength of interest, but their flexural rigidity is governed by the thickness of each plate. The system is excited by a monopole source of strength Q that is located at the bottom of the cavity ͑z =−L z , x = x s ͒.
B. Governing equations and boundary conditions
Assuming harmonic time dependence, the twodimensional homogeneous wave equation for the acoustic field is
where p in and p out are the pressure inside and outside the cavity, respectively, and k is the wave number. The equation for the plate's displacement with harmonic time dependence is given by
where w represents the plate's displacement. and D are the wave number and flexural rigidity of the plate, defined as
Modal coefficient of subsystems at the fifth acoustic-dominated mode ͑2530 Hz͒: ͑a͒ forward pressure in the cavity; ͑b͒ backward pressure in the cavity; ͑c͒ plate; ͑d͒ opening.
where m = s h is the mass per unit area, s is the density, and h is the thickness of the plate. E is the Young's modulus and is the Poisson's ratio of the plate.
The boundary conditions at the bottom of the cavity can be written as
where is the density and c is the sound speed of the fluid. The boundary condition on the rigid wall is zero pressure gradients. It is noteworthy that the plate's velocity has to be the same as both the inside and outside fluid particle velocities. The pressure and fluid particle velocity are continuous at the opening ͑see Fig. 2͒ . We now have three governing equations and related boundary conditions.
C. Modal solution
The pressure inside the cavity can be expressed by the superposition of positive-and negative-going parts of x and z directional waves. By applying the left and right rigid wall boundary conditions inside the cavity, the pressure inside the cavity is represented by
where n ͑x͒ is a modal function of pressure inside the cavity in the x direction, and k zn is the z directional wave number of the nth mode. A n and B n are positive-and negative-going modal coefficients of the nth mode, respectively. Pressure outside the cavity can be derived from the KirchhoffHelmholtz integral equation. We assume that an imaginary source is located at z = 0 on a rigid baffle. We may choose the Green's function, which satisfies the Neumann boundary condition at z = 0 and apply the velocity continuity condition at the boundary. The pressure outside the cavity can be written using the pressure gradient inside the cavity as
The plate's displacement can be represented as the sum of in vacuo modes. That is,
where m ͑x͒ and h ͑x͒ are the modal functions of displacements of plate 1 and 2, respectively. W 1m and W 2h are the unknown coefficients to be determined. The pressure distribution in the opening can also be represented as the sum of modal functions. That is,
where g ͑x͒ are arbitrary modal functions that are complete sets for representing any pressure in the opening. The expan- sion function in the opening is assumed a Fourier cosine series. That is,
The procedure to get the modal coefficients developed by Kim and Kim 30 is about a partially opened twodimensional membrane-cavity system that has two different modally reacting boundary conditions. In this paper, we expand this procedure to a partially opened two-dimensional plate-cavity system that has three different modally reacting boundary conditions.
Using this procedure, we can obtain the following equations for the modal coefficients. The relation between A n and B n can be written as
The equation for the modal coefficient B n is given by
where the four nondimensional coupling coefficients are defined by
The velocity distribution of two acoustic spaces at the third acoustic-dominated mode ͑1710 Hz͒ about the coupled system. ͑a͒ The real part of the whole cavity and external space; ͑b͒ the real part near the opening; ͑c͒ the imaginary part of the whole cavity and external space; ͑d͒ the imaginary part near the opening.
and S il is
͑16͒
where H 0 ͑2͒ ͑kr͒ is the second kind Hankel function of order zero that satisfies the Neumann boundary condition at z =0. ⌳ refers to the total radiating domain just like L x in this paper, and ⌳ l is the spatial domain of each plate. mn represents the component of the mth plate mode for the nth cavity mode for the first plate, and hn is a similar representation for the second plate. a mn expresses modal contributions of the mth modal component to the nth cavity mode when it propagates. The coefficients gn and b gn have similar characteristics to hn and a mn , but they express the role of the opening and the cavity. Figure 3 captures the role of the coupling coefficients between subsystems in detail. To get modal coefficients B n , we express Eq. ͑11a͒ and ͑11b͒ to a simple form using a matrix notation as
Equations ͑17a͒ and ͑17b͒ can be rewritten as a single matrix equation as
where
10. The pressure and active intensity of two acoustic spaces ͑2530 Hz͒ ͓͑a͒ the whole cavity and external space; ͑b͒ near the opening͔; ͑c͒ focused radiation pattern at the fifth acoustic-dominated mode.
We can solve this problem by using the same number of modes and equations. If we want to consider N + 1 modes in the cavity, M + 1 modes in plate 1, and H + 1 modes in plate 2, then we have to use G = N − M − H − 1 modes in the opening to obtain a matrix of full rank. Therefore, the coefficient vector ͕B͖ N or B n can be solved and A n can be obtained from Eq. ͑10͒. The pressure inside and outside the cavity can be obtained using Eq. ͑5͒ and Eq. ͑6͒.
III. COMPUTATIONAL EXAMPLES AND DISCUSSION
A. Descriptions of examples and convergence of solution
In order to visualize the coupling mechanism using the equation derived and observe the possibility of designing radiator directivity or noise control means using a directional radiation pattern due to the structural-acoustic interaction, several numerical simulations were performed. The cavity size of 0.16 m ϫ 0.13 m was selected to excite only the modes in the frequency band of interest. The aspect ratio of the cavity was selected to avoid modal overlap in the frequency band of interest for clear results. The position of the monopole source was set at x s = 0.07 m in the bottom. The material for the plate is steel, and its thickness is 0.67 mm. To examine the effects of the structural-acoustic coupling phenomena, an uncoupled system that is composed by rigid walls instead of the plate. The opening occupied 20% of the top wall and was placed at the center.
The normal mode expansion method is known to have poor convergence about a highly damped system. The flexible structure and the opening in the coupled system act as a damping with respect to the finite cavity. So, the modal coefficients should be determined that acoustic characteristics of two spaces may converge. The pressure and velocity distribution of two spaces ͑inside and outside the cavity͒ can be calculated using Eqs. ͑5͒ and ͑6͒. To get an acceptable solution, the convergence of coefficients A n and B n are the most important. Therefore, the convergence criterion is decided on the convergence trend of coefficients A n and B n . The modal coefficients of higher-order terms can be truncated when the coefficients are sufficiently small compared to the dominant coefficient. Figures 4͑a͒ and 4͑b͒ show real and imaginary parts of the coefficients A n and B n . In this paper, we assumed that modal coefficients smaller than 1 / 100 compared to the largest modal coefficient can be truncated. Modal coefficients higher than the 22nd mode satisfy the criterion. So, we need at least 22 modes to calculate the pressure inside and outside the cavity. To properly represent the displacement of the plate and the pressure in the opening, the convergence of W m,h and C g also should be considered. Figures 4͑c͒ and 4͑d͒   FIG. 11 . The velocity distribution of two acoustic spaces at the fifth acoustic-dominated mode ͑2530 Hz͒ about the coupled system. ͑a͒ The real part of the whole cavity and external space; ͑b͒ the real part near the opening; ͑c͒ the imaginary part of the whole cavity and external space; ͑d͒ the imaginary part near the opening.
show real and imaginary parts of the coefficients W m and C g . W h is omitted because it is very similar to W m .
B. Spatially averaged sound pressure
To examine the effects of structural-acoustic coupling phenomena, an uncoupled system that has rigid walls instead of flexible structures and an opening between the rigid walls is selected for the reference model. Figure 5 shows spatially averaged sound pressure squared levels inside and outside of the cavity as a function of the normalized wave number about the uncoupled and coupled system. The inside averaged pressure is averaged over the cavity. The outside averaged pressure is an averaged select region that correspond to double the cavity's width and the cavity's height. As can be seen in this figure, the frequency region can be separated into two parts in which kL x is higher and lower than 3. In a lower frequency region, we can observe a broad peak near kL x ϳ 0.73 that occurs because the air mass around the opening is balanced by the cavity stiffness, and that is known by the Helmholtz mode that occurs naturally in the case of a cavity with an opening at low frequency. The sharp peaks and troughs occur near the in vacuo mode of the structure due to coupling and are known as structure-dominated modes which can be seen clearly compared to the uncoupled system. The peak at kL x ϳ 0.41 corresponds to the inside and outside of the cavity, but the peak inside the cavity at kL x ϳ 2.64 corresponds to the trough outside the cavity, and vice versa. These are the same results as the experimental output presented in Ref. 29 . In a higher-frequency region, we can observe five or six peaks corresponding to the cavity modes known as acoustic-dominated modes. The modes near kL x ϳ 3.14 and 5 have small bandwidths compared to other modes. In acoustic-dominated modes, a small amount of pressure is formed near the opening, and a large amount of pressure is trapped inside the cavity, so the small amount of pressure is radiated. It is clear that the farfield pressure is small for these modes, as shown in the figure. Some modes have broad bandwidths and large pressure outside the cavity. This is because a large amount of pressure is efficiently radiated to the semi-infinite field through the opening. We can conclude that the position of the opening is important when a certain frequency is dominant.
C. Uncoupled system
Figures 6 visualizes pressure contour and active intensity vector of the two acoustic spaces at the fifth acousticdominated mode as functions of the two spatial coordinates about the uncoupled system. The pressure in the figure is normalized by square root of the mean square cavity pressure ͑ͱ͗͑p in ͒ 2 ͒͘, and the active intensity is normalized by ͗͑p in ͒ 2 ͘ /2c 2 . The operator ͗·͘ indicates a spatial average over the cavity. Some of the energy is trapped in the cavity FIG. 12 . The pressure and active intensity of two acoustic spaces ͑2600 Hz͒ ͓͑a͒ the whole cavity and external space; ͑b͒ near the opening͔; ͑c͒ the omnidirected radiation pattern at the sixth acoustic-dominated mode. and the other is emitted through the opening, as shown in Fig. 6͑a͒ . Figure 6͑b͒ is a detailed view of the pressure contour and active intensity near the opening ͓Compare x and z scaled to Fig. 6͑a͔͒ . This figure shows the variation of the active intensity distribution near the opening. The active intensity is zero at the cutting edge, and the distribution on the opening can be observed. We also examine the velocity field, as shown in Figs. 7͑a͒ and 7͑b͒ ͑real part͒ and 7͑c͒ and 7͑d͒ ͑imaginary part͒. The contour is real and imaginary velocity square normalized by the maximum velocity in the cavity. The imaginary part of the velocity shows interesting results, Figs. 7͑c͒ and 7͑d͒, which shows standing wave characteristics in the cavity and singular-like features near and outside the cutting edge, as was pointed out by Bouwkamp 37 and was shown by Williams. 38 So we can conclude that the modal expansion method is a suitable solution method to analyze the system with a cutting edge. Figure 8͑a͒ visualizes the plate's displacement, pressure contour, and active intensity vector of the two acoustic spaces at the third acoustic-dominated mode as functions of the two spatial coordinates. Internal energy is emitted through the opening as well as the plate, and the energy flow is developed in an oblique direction. The detailed view of Fig. 8͑a͒ near the opening is shown in Fig. 8͑b͒ . The distribution of the active intensity near the opening is very complicated, but its shape is simple as far as the opening. Figure  8͑c͒ gives an example of a possibility of a steered radiation pattern due to a structural-acoustic interaction. The null occurs 30°from the center axis, and the main axis occurs on the right axis. The side lobe level is about 6 dB, meaning that the noise generated from the cavity can be oriented to a specific direction using the structural-acoustic interaction for the purpose of noise control. Figure 9 shows the velocity distribution of two acoustic spaces at the third acousticdominated mode ͑1710 Hz͒ about the coupled system. ͑a͒ The real part of whole cavity and external space; ͑b͒ the real part near the opening; ͑c͒ the imaginary part of the whole cavity and external space; ͑d͒ the imaginary part near the opening. The velocity at the cutting edge is almost zero, but it has singular-like features near the cutting edge, as shown in Fig. 9͑d͒ . Figure 10 shows the possibility of a focused beam. As can be seen in this figure, the energy flow is formed like a column or focused in accordance with the center axis. This type of focused beam is very useful in designing an efficient radiator using a structural-acoustic interaction. The hydrodynamic short-circuiting phenomena can be easily observed in FIG. 13 . The velocity distribution of two acoustic spaces at the sixth acoustic-dominated mode ͑2600 Hz͒ about the coupled system. ͑a͒ The real part of the whole cavity and external space; ͑b͒ the real part near the opening; ͑c͒ the imaginary part of the whole cavity and external space; ͑d͒ the imaginary part near the opening. this figure. Figure 10͑b͒ is a detailed distribution of the active intensity of Fig. 10͑a͒ near the opening. The largest active intensity occurs at the cutting edge because the fluid rushes from one side of the edge to the other to fill in the vacuum created by the edge motion. Figure 10͑c͒ shows the beam pattern; the 3 dB beam width is about 40°, the side lobe level is −27 dB, and the main energy is focused on the main axis. Figure 11 shows the velocity distribution of two acoustic spaces at the fifth acoustic-dominated mode ͑2530 Hz͒ about the coupled system. The velocity at the cutting edge is maximum value and it has singular-like features near the cutting edge, as shown in Fig. 11͑d͒, as Figure 12 shows the possibility of an omnidirected beam. As can be seen in this figure, the energy flow is formed like a monopole source. This type of omnidirected beam is useful in designing an omnidirectional source at high frequency using structural-acoustic coupling. Figure 13 shows the velocity distribution of two acoustic spaces at the sixth acoustic-dominated mode ͑2600 Hz͒ about the coupled system. The velocity at the cutting edge is nearly zero, but it has singular-like features near the cutting edge, as shown in Fig. 13͑d͒ .
D. Steered, focused, and omnidirected radiation pattern
E. Radiator design example
Radiation pattern in a semi-infinite space has a nonlinear relation to the geometry of the walls and excitation frequency. In this paper, we aim to maximize the radiation power ͑P max ͒ and minimize the side lobe level ͑SLL͒ simultaneously, and subject to the direction of the main axis ͑ max ͒. power and low sidelobe level can be designed using the structural-acoustic interaction.
IV. CONCLUSIONS
The study has examined the possibility of designing radiator directivity using structural-acoustic interaction by predicting the pressure distribution and radiation pattern of a structural-acoustic coupling system and the behavior of the general coupling mechanism has been explained. We have used the finite space and semi-infinite space separated by two flexible structures and one opening. The structure represents a "volume interaction" element, and the opening represents "pressure interaction." An approximated solution that predicts energy distribution and energy flow in the two spaces separated by the structures and an opening has been developed, and its computational examples are presented. The energy distribution ͑pressure͒ and energy flow ͑active intensity͒ of the two spaces have been visualized to describe the coupling system's behavior. Three typical radiation patterns ͑steered, focused, and omnidirected͒ have been presented. The steered beam can be applied for noise control, and the focused beam can be used for designing an efficient radiator or directivity pattern. The design example that is a focused radiator with high radiating power and low sidelobe level has been presented by using the optimal design algorithm.
